Background. Cross-sectional surveys of older people commonly find associations between higher levels of depressive symptoms and poorer cognitive performance, but the direction of effect is unclear. We examined whether there was a bidirectional relationship between depressive symptoms and general cognitive ability in non-demented older people, and explored the role of physical health, smoking, exercise, social class and education as potential confounders of this association and as possible determinants of the rate of change of cognitive decline and depressive symptoms.
Introduction
There is considerable evidence from cross-sectional studies of older people that depression and poorer cognitive performance often coexist. Higher scores on self-rating measures of depressive symptoms such as the Center for Epidemiologic Studies Depression Scale (CES-D), the Hospital Anxiety and Depression Scale, the Beck Depression Inventory or the Geriatric Mental State Schedule have been associated with lower scores on measures of fluid-type cognitive ability (Scherr et al. 1988 ; La Rue et al. 1995 ; Rabbitt et al. 1995 ; Gale et al. 2011 ) and on cognitive screening tests such as the Mini-Mental State Examination (MMSE) (Kay et al. 1985 ; Fuhrer et al. 1992 ; Auperin et al. 1996 ; Mangione et al. 1993) . Fluid-type cognitive ability tests involve the carrying out of active mental work and not just recalling knowledge. The association between depression and poorer cognition is not confined to older people. Christensen et al. (1997) carried out a meta-analysis of studies that compared the cognitive performance of people with depression (either clinically diagnosed or with high scores on self-rating measures) with non-depressed controls and found that the presence of depression was associated with deficits on a wide range of standard cognitive tests, involving speed, attention, tracking and conceptual tasks. These deficits were present in people aged under 60 years as well as in older individuals, though the magnitude of the effect size tended to be greater at older ages.
The cause of the cross-sectional associations between depression and poorer cognitive function in older people is uncertain. One possibility is that depressive symptoms may be a risk factor for cognitive decline. Some studies have found that high scores on the CES-D are associated with an increased risk of developing dementia (Wilson et al. 2002 ; Gatz et al. 2005) , but evidence that elevated levels of depressive symptoms are predictive of cognitive decline in older people without dementia is inconsistent. Ganguli et al. (2006) studied over 1200 such individuals using the CES-D and composite scores from a battery of cognitive tests, all of which were administered biennially, and found no link between depressive symptoms and rate of cognitive decline over 12 years. In a study of 1600 people using the CES-D and a cruder measure of cognitive decline, decrease in MMSE score of o5 points over 3 years, Dufouil et al. (1996) found no association between depressive symptoms and risk of cognitive deterioration. Several larger longitudinal studies have found associations between higher levels of depressive symptoms assessed with the CES-D or the Geriatric Depression Scale and cognitive decline (Yaffe et al. 1999 ; Paterniti et al. 2002 ; Wilson et al. 2004) . One of these studies assessed cognitive function at 3-yearly intervals for an average of 5 years using four tests of fluid ability from which a composite measure was derived (Wilson et al. 2004) . However, in the other two studies cognitive change was assessed over only two time points and was based wholly (Paterniti et al. 2002) or partly on the MMSE (Yaffe et al. 1999) . Some longitudinal studies have found associations between depressive symptoms assessed using the CES-D or Geriatric Depression Scale and subsequent cognitive decline assessed using the MMSE or other screening questionnaires in subgroups only : for example, in men (Ng et al. 2009 ), or in the more highly educated (Geerlings et al. 2000) , or in those who are already cognitively impaired (Bassuk et al. 1998) . The use of single crude cognitive tests coupled with the fact that several studies are based on only two time points or a short follow-up period (Dufouil et al. 1996 ; Henderson et al. 1997 ; Yaffe et al. 1999 ; Ng et al. 2009 ) may have affected the robustness with which cognitive change was measured.
Few studies have investigated whether the crosssectional associations between depression and poorer cognition in older people reflect the effect of poor cognition on mood. No association was found between low MMSE score and incident depression in the Longitudinal Ageing Study Amsterdam (de Beurs et al. 2001) . However, better overall performance on five cognitive tests predicted an improvement in depressive symptoms in one cohort (Fonda & Herzog, 2001) . In another small study that examined the relationship between cognitive function and depressive symptoms over four time points, poorer cognitive function predicted greater depressive symptoms at all subsequent time points (Perrino et al. 2008) .
In the present study we used piecewise linear mixed-effects models of data from four waves of the English Longitudinal Study of Ageing (ELSA) to investigate whether level of depressive symptoms predicted the rate of cognitive decline in communitydwelling, non-demented people and whether general cognitive ability predicted the trajectory of depressive symptoms.
We investigated whether physical health (Bond et al. 2006 ; Chang-Quan et al. 2010 ), smoking (Nooyens et al. 2008 , exercise (Kramer et al. 2006 ; Blake et al. 2009) , social class or education (Anstey & Christensen, 2000 ; Koster et al. 2005 Koster et al. , 2006 confounded any association and explored the role of these factors in determining trajectories of cognitive decline and depressive symptoms.
Method

Participants
The sample for the ELSA was based on people aged o50 years who had participated in the Health Survey for England in 1998 (Marmot et al. 2011 . It was drawn by postcode sector, stratified by health authority and proportion of households in nonmanual socio-economic groups. A total of 11 392 people participated in the first survey in [2002] [2003] . There were further waves in 2004-2005, 2006-2007 and 2008-2009 . Ethical approval was obtained from the Multicentre Research and Ethics Committee. Participants gave written informed consent.
Measures
Cognitive function
Cognitive function was assessed at waves 1-4 using tests of immediate and delayed verbal memory (recall of 10 aurally presented nouns), prospective memory (remembering to do a specific task), verbal (semantic) fluency (naming as many animals as possible in 60 s) and attention (letter cancellation task) (Marmot et al. 2011) .
We derived a cognition score at each wave using principal components analyses of the five cognitive measurements. Scree plots suggested the presence of a single component on each occasion. A general cognitive score (g-factor) was calculated at each wave using a multiple indicator measurement model (Mplus, version 6.1 ; Muthén & Muthén, 1998 . The model was constrained by requiring corresponding factor loadings across waves to be equal on the assumption of measurement invariance. The direction of the scale was adjusted so that increasing factor score corresponded with increasing cognitive ability. The g-factor was scaled into conventional intelligence quotient (IQ) units (mean 100, S.D.=15). Scaling into conventional IQ units was based on the subsample of participants aged less than 60 years. This subsample was considered to be normative. This scaling was then applied to the g-factor for all participants.
Depressive symptoms
Symptoms of depression were assessed at waves 1-4 using an eight-item version of the CES-D (Steffick, 2000) . Participants were asked to think about the last week and the feelings they experienced and to indicate whether each of the following statements was true for them much of the time during the last week : you felt depressed ; you felt that everything was an effort ; your sleep was restless ; you were happy ; you felt lonely ; you enjoyed life ; you felt sad ; you could not get going. There were two response options : yes or no. This version of the CES-D has an internal consistency and factor structure that are comparable with longer versions of the scale (Turvey et al. 1999) .
We derived a depression score at each wave by summing the items. The data were log transformed to reduce the skew in the sample in which the majority of people did not have much depressive symptomatology. The scores at each wave were scaled into units of standard deviation at wave 1, and the mean score at each wave was measured from the mean score at wave 1.
Covariates
We used sex, age at finishing full-time education, social class, smoking status, physical health and exercise as covariates. Information on education and social class -based on current or most recent job classified according to the National Statistics Socioeconomic Classification (Office for National Statistics, 2005) -was collected at the initial interview. During wave 1 participants were asked whether a doctor had ever told them that they had any of the following conditions : high blood pressure/hypertension, angina, heart attack, congestive heart failure, diabetes or high blood sugar, a stroke, chronic lung disease, asthma, arthritis or rheumatism, osteoporosis, or cancer. We added the number of chronic conditions present to get a measure of physical health. At wave 1 participants also provided information about their current smoking habits. Participants also responded to three questions about frequency of vigorous, moderate or mild exercise. We ranked the combinations of responses to these questions according to the amount and intensity of exercise involved and grouped them into quarters of the distribution. Details are available on request.
Analytical sample
We excluded individuals who had no data on any of the variables of interest, and 126 people who had reported by wave 1 that a doctor had told them that they had Parkinson's disease, Alzheimer's disease, dementia, organic brain syndrome or serious memory impairment. This left 8611 cases. Table 1 shows the characteristics of the participants at each wave as regards age, interval between waves and the covariates. There was attrition over time ; however, the proportions of the response levels within each covariate remained reasonably constant across waves. We therefore conclude that the pattern of missingness does not introduce systematic bias ; however, as a further check, we also carried out a sensitivity analysis to see whether the pattern of missingness affected the results of our models, following the procedure described by Hedeker & Gibbons (1997) . Results of this are given below.
Statistical analysis
Measurements of cognition and depressive symptoms were made four times over a period of 6 years. Everyone in the sample was measured at roughly the same time (within a year of each other), at roughly the same 2-year intervals. However, people entering the study ranged in age from 50 to over 90 years. Consequently, results may to some extent be confounded by period and birth cohort effects, as well as the usual effects of selective drop-out. One approach would be to control for individual birth date in a model of the overall trajectory of cognition or depressive symptoms. However, we aim to expose the possibility that associations are different at different ages. These would be averaged by an overall polynomial trajectory. Instead, the analytic approach here is to fit linear piecewise models with fixed knot positions to allow different slopes for different age groups. Piecewise linear means that a curved trajectory can be closely approximated by a sequence of straight segments. It is called ' piecewise ' because the segments are linear pieces of the whole trajectory. The segments join at ' change-points ' along the trajectory. These are called ' knots ' in spline terminology. It is sometimes called a ' broken-stick ' model because that is what the approximated trajectory would look like. The knots are located at change-points in a functional trajectory, such that the trajectory between the knots is reasonably linear. The overall trajectories for cognition and depressive symptoms were found by fitting additive mixed models to the longitudinal data (Hastie & Tibsharani, 1999 ; Ruppert et al. 2003 ; Woods, 2006) . This semi-parametric method estimates a functional trajectory based on penalized regression splines within a mixed model framework. The method is appropriate when the longitudinal response is potentially non-linear. It is an essentially exploratory approach for uncovering non-linear trends without having to specify a model in terms of detailed and unknown parametric relationships. An interaction (Ruppert et al. 2003 ) was used to generate smooth trajectories at each level of a grouping factor. A dummy variable was created from the CES-D data to indicate two groups of depression scores (low and high). Its purpose was to test the difference in the effect of these two groups on the cognitive growth parameters. We dichotomized the summary score using a cut-point of 4 or higher, which is equivalent to the conventional cut-point of 16 or higher on the full 20-item CES-D (Steffick, 2000) . The high-depression group contains those people whose depressive symptom score was 4 or higher. We also created a dummy variable from the cognition data to indicate two groups of cognitive function scores (low and high) in order to test the difference in the effect of these two groups on the depression growth parameters. The grouping was based on the average within-person cognition score and was obtained separately within each age group to capture change over the longer term between age groups. The lowcognition group contains those people whose cognition score was below the median score within that cohort, and vice versa for the high-cognition group. The subsequent piecewise analysis of the trajectories of cognition and depressive symptoms was based on a division into segments defining three age groups : 50-60 (n=2552), 60-80 (n=5070) and 80-90 (n=989) years. The age-group cut-points are driven by the spline fits. These show the trajectory changes at around age 60 and age 80 years. Between these ages the trajectory is acceptably linear. Subjects are assigned to age groups by their average age within the study. Thus, the boundary between age groups is a little fuzzy and the overlap can be put down to rounding. There may be uncontrolled cohort effects confounding comparisons across age groups, but we expect these to be small relative to the effects of interest. Analysis within age groups is conventional linear mixed effects for longitudinal data. Comparisons across age groups are necessarily cross-sectional (and hence potentially confounded by individual differences) due to the fact that the time spans between them are greater than the 6-year study period. However, we controlled for variation due to individual differences in a range of covariates. These covariates are used in the complex sampling design to estimate longitudinal weights for non-response. Our models incorporate longitudinal weighting through the addition of these covariates. Parameters of the models were estimated using R function lmer(lme4), version 0.999375-37 (http://lme4.r-forge.r-project.org/), with full maximum likelihood. Estimates, confidence intervals (CIs), p values and significance stars were obtained using Markov chain Monte Carlo (R function pvals.fnc{languageR}, version 1.0).
The relative goodness of fit of the models is indicated by their deviance, Akaike's Information Criterion and Bayesian Information Criterion. Table 2 shows regression coefficients (95 % CIs) from the piecewise linear mixed-effects models of cognition in the three age groups. Looking first at initial status, the intercept is the predicted average cognition score -scaled into conventional IQ units -at baseline, with all other covariates held at zero. In each age group time is centred on the age at the start of that group. Therefore these intercepts represent the modelpredicted average cognition score at ages 50, 60 and 80, respectively. Average cognition score is lower in each successive age group, falling by about 22 points between the ages of 50 and 80 years -approximately 1.5 of a standard deviation. People in the highdepression group have significantly poorer cognition on average than those in the low-depression group when all other covariates are held at zero, although this difference is not present in the oldest age group. Among people aged 60-80 years, those whose depression score was 4 or more have a cognition score that is an average of 4.4 points below those in the lowdepression group, which is x0.29 of a standard deviation. High depression was associated with a slightly smaller difference in cognition in the youngest age group. Independently of this, cognition scores were significantly lower in men, in those from a lower social class or with fewer years of full-time education, in those with more chronic illnesses, and in those who took less exercise. In general, these associations were similar in each age group, though the associations between lower average cognition and poorer physical health or taking less exercise were much stronger in those aged 80-90 years than in those aged 50-60 years. There was no consistent association between cognition and smoking status. We examined whether the relationship between average cognition at baseline and depression varied according to levels of the covariates. In general, there were no significant interaction terms that were present consistently in each age group.
Results
Looking now at rate of change in general cognition, the intercept is the average slope of cognition-on-time with all covariates held at zero. In people aged 50-60 years, on average cognition remains stable over the follow-up period, but there is a significant decline in cognition among those aged 60-80 years (nearly 0.5 points per year) and this accelerates in the oldest age group to 1.08 points per year. There was no significant difference in the rate of cognitive decline between people in the high-or low-depression groups, except in those aged 60-80 years where people with high depression scores had a slightly faster rate of decline (see also Fig. 1 ). There was a similar, though non-significant, effect size in the 50-60 years age group. There were no consistent associations across age groups between sex, smoking, education, social class, exercise or number of chronic illnesses and rate of cognitive decline, and no consistent evidence that the relation between depression and rate of cognitive decline varied according to levels of the covariates. The variance components in the models of cognition in Table 2 suggest that the within-person (residual) variance is relatively stable between age groups compared with the between-person variance in initial status (intercept) and rate of change (slope). However, there is a trend across age groups of increasing variation between people in the linear growth parameters (the intercept and slope), suggesting that they vary more in older people. Table 3 shows regression coefficients (95 % CIs) from the piecewise linear mixed-effects models of depressive symptoms in the three age groups. Looking first at initial status, the intercept is the average depression score at baseline across age groups, when all other covariates are held at zero. There is no clear trend by age : depression scores are slightly lower at age 60-80 years than in those aged 50-60 years, and go up slightly in the oldest age group. Depression scores are lower in people with above average cognition and the size of the association is similar across age groups, when all other covariates are held at zero, but it is not statistically significant in the oldest age group. The intercept of the ' initial status ' is the predicted average cognition score at time 0, with all other covariates held at 0. In each age group, time is centred on the age at the start of that group. Therefore these intercepts represent the model-predicted average cognition score at the ages of 50, 60 and 80 years, respectively. c For each of these ordinal covariates, the coefficients represent the difference in cognition for a one-category increase in the covariates as shown in Table 1 (i.e. non-smoker, lower social class, older age at leaving education, more chronic illnesses, more exercise).
d
The intercept of the rate of change is the average slope of cognition-on-time with all covariates held at zero. In each age group time is centred on the age at the start of that group. Therefore these intercepts represent the model-predicted average slope of cognition-on-time at the ages of 50, 60 and 80 years, respectively. Independently of this, depression scores are lower in men, in non-smokers, in those with fewer chronic physical health problems and in those who took more exercise. Depression scores were lower in people of higher social class up to the age of 80 years but did not vary significantly by social class in the oldest age group. There was no consistent association between depression scores and education. The relation between average depression scores at baseline and cognition showed little consistent variation according to levels of the covariates. As regards rate of change with age, depression scores changed little between age 60 and 80 years and then increased slightly. There was no indication that the rate of change in depression scores with age varied according to level of cognition (see also Fig. 2) . We examined whether the relationship between cognition and rate of change in depression varied according to levels of the other covariates, but there was no evidence of this. Similarly, there was no relation between level of any of the other covariates and rate of change in depression with age. As in most longitudinal studies, there was attrition over time. The outcome variables of cognitive function and depression both had six missingness patterns over the four waves of data. Of these, two were monotone (drop-out) and the remaining four were nonmonotone (intermittent absence). The two monotone patterns were missingness at the last wave and the last two waves. The proportion of subjects in each of the three age groups with monotone missingness was 0.24, 0.24 and 0.39, respectively. The proportion of subjects with non-monotone missingness was 0.07, 0.07 and 0.05, respectively. We tested the effect of each missingness pattern on the linear growth parameters. None of the non-monotone patterns had a significant effect on either the initial status or the rate of change of the outcomes in any age group, using growth models that did not include the covariates. This suggests that the occurrence of non-monotone missingness was completely at random. In addition, since there were relatively few cases of non-monotone missingness, we judged this ignorable in the sense that it would not bias inferential results. Neither of the two monotone patterns had a significant effect on the rate of change of the outcomes in any age group, but both had a significant effect on the initial status for all three age groups, using growth models that did not include the covariates. However, this significance became borderline (at the 1 % level) when the covariates were included in the model. This suggests that the occurrence of monotone missingness was random and covariate dependent. We judged this ignorable when the covariates were included in the model.
Discussion
In this study of people aged 50 to over 90 years, higher levels of depressive symptoms at baseline were associated with poorer cognition, except in the oldest age group. Depressive symptoms were associated with a slightly faster rate of cognitive decline over the 6-year follow-up period in people aged 60-80 years, but there was no such association in other age groups, though there was a similar-sized but non-significant effect in the age 50-60 years group. There was no evidence for an effect in the other direction : depressive symptoms changed little with increasing age, and cognition was not associated with the rate at which these symptoms changed over time. We found no indication that any of the covariates -sex, social class, education, number of chronic physical conditions, smoking and exercise -had an effect on the trajectories of cognitive decline or depressive symptoms.
Existing evidence on whether depression is a risk factor for cognitive decline is inconsistent, with some studies reporting positive findings (Yaffe et al. 1999 ; Paterniti et al. 2002 ; Wilson et al. 2004 ) but others finding no association (Dufouil et al. 1996 ; Henderson et al. 1997) or an association in subgroups only (Bassuk et al. 1998 ; Geerlings et al. 2000 ; Ng et al. 2009 ). Here, we were able to examine a measure of cognition based on performance on five tests, repeated four times over an approximate 6-year follow-up period. Cognitive decline was apparent from age 60 years and its trajectory accelerated with age, but being more depressed was only linked with the rate of cognitive decline in people aged 60-80 years. However, we note that the effect sizes in the age 60-80 and age 50-60 years groups are similar -being x0.26 and x0.21, respectively -and that the significance of the result in the age 60-80 years group occurs in part because this age group is larger and therefore has greater power.
Evidence from middle-aged adults suggests that those with poorer cognitive function earlier in life are more likely to experience high levels of psychological distress and have an increased risk of being diagnosed with depression, generalized anxiety and indeed the whole range of mental disorders (Gale et al. 2008 (Gale et al. , 2009 (Gale et al. , 2010 . As cognitive performance at older ages is strongly reflective of peak prior ability (Deary et al. 2000) , one might also expect that in older people better cognition would predict a more favourable trajectory of depressive symptoms. In the present study, however, on average, depressive symptoms changed little with age and there was no indication that this trajectory varied according to cognition. It is possible that our ability to detect change in depressive symptoms was hindered by the narrow range of potential scores (0 to 8) that could be achieved with the abbreviated version of the CES-D used here. However, it is worth noting that in previous studies that used different versions of the CES-D, a significant association between depressive symptoms and cognitive decline was found where the range of possible scores was 0 to 10 (Wilson et al. 2004) , while where scores for depression had a potential range of 0 to 80 there was no association (Dufouil et al. 1996) . Scores on the eightitem version used in the present study correlate very highly (0.93) with scores on the original 20-item version (Melchior et al. 1993) , validating that this shorter version captures depressive symptoms as well as the longer version.
We found no association between age at leaving full-time education and trajectories of either cognitive decline or depressive symptoms. Most prior evidence on this has been based on smaller samples and on measurements made at two time points only. Of the few studies where cognitive change was assessed over at least three time points, some found no link with education (Christensen et al. 2001 ; Van Dijk et al. 2008 ; Wilson et al. 2009) , and others that the association varied according to sex (Colsher & Wallace, 1991) or cognitive domain assessed (Alley et al. 2007) . Previous studies that have examined the relationship between education and the trajectory of depressive symptoms have found no link between level of education and the course of symptoms (Wilson et al. 2008 ; Penninx et al. 2011) . It may be that education and perhaps cognition are more strongly predictive of onset of mental disorder than they are of its prognosis.
Evidence from randomized controlled trials in older people suggests that exercise may be beneficial for some aspects of cognition (Angevaren et al. 2008 ) and depressive symptoms (Blake et al. 2009 ), but there is a shortage of large, methodologically robust trials and follow-up periods were generally short. We observed no protective effect of exercise on the trajectories of cognitive decline and depressive symptoms over a 6-year period.
The strengths of our study are the sample size, the fact that it is representative of the communitydwelling English population aged 50 years and over (Taylor et al. 2003) and the use of a measure of cognition based on assessment of several cognitive domains. There are also some weaknesses. First, the relatively short interval between waves may have hindered our ability to detect change in cognition, particularly in younger participants. Second, depressive symptoms were assessed with an eight-item version of the CES-D. This measure is closely comparable with the original in reliability and the dimensions it assesses (Turvey et al. 1999) but the narrow potential range of scores may mean that our results underestimate the impact of depression on cognitive decline and the extent to which cognition and other factors influence depression.
In this large study of people aged 50 years and over, cognition and depressive symptoms were assessed four times over a 6-year period and showed significant cross-sectional associations. Being more depressed led to a slight acceleration in cognitive decline, which was significant only in people aged 60-80 years. There was no support for the hypothesis that there might be reciprocal dynamic influences between cognitive ability and depressive symptoms.
